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LOCALIZATION OF ΒETA-CATENIN IN TYPE II DIABETIC MURINE  
 
CORNEAL EPITHELIAL TISSUE BEFORE AND AFTER INJURY  
 
MOLLY K. KALKER 
ABSTRACT 
 The Center for Disease Control estimates that 9% of Americans have Type II 
Diabetes (CDC, 2020), which is a major risk factor for blindness. The delayed wound 
healing displayed in Type II Diabetes can cause corneal ulcers and persistent epithelial 
defects, among other conditions. While corneal transplants can be effective, they are not 
always available or appropriate. The protein Β-catenin plays an important role in the 
adherens junction, acting as a bridge between E-cadherin and a-catenin to indirectly 
anchor actin to E-cadherin. In healthy, unwounded epithelium, adherens junctions are 
generally localized to apical regions of tissue, and are maintained to attach cells together, 
which helps maintain epithelial integrity and cell shape. After wounding, adherens 
junctions are rearranged, with some Β-catenin being trafficked into the cytoplasm for 
degradation. This promotes cell migration and wound closure. This thesis investigates the 
localization of Β-catenin in the Type II Diabetic murine cornea before and after 
wounding. Our results indicated that epithelium from unwounded Type II Diabetic 
corneas showed apical localization of Β-catenin, but there was a lesser amount compared 
to control. After wounding, tissue was found to have an increase of Β-catenin at the 
wound edge in basal regions of the epithelium, but the extent of that increase varied by 
time after injury. With the exception of the 2-hour wound, however, a smaller amount of 
Β-catenin was found at the wound edge of Type II Diabetic mice, compared to control. In 
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summary, there were many differences between the corneas of Type II diabetic and 
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             As the second leading cause of blindness in the majority of developing countries, 
corneal diseases represent an important area of study (Oliva, Schottman, & Gulati, 2012). 
According to the World Health Organization (WHO), Type II Diabetes is a significant 
cause of blindness (WHO, 2018). About 1 in 10 Americans have diabetes, and the vast 
majority (90-95%) of those individuals have Type II Diabetes (CDC, 2020). Although, 
historically, this disease was seen mostly in adults, childhood cases are on the rise (CDC, 
2020).  
Side effects of Type II Diabetes in the cornea include ulcers, erosion, or persistent 
epithelial defect (Jeganthan et al., 2008, Ljubimov, 2017). An early study found that up to 
73.6% of diabetics present with corneal abnormalities. (Didenko et al., 1999). Surgical 
treatments such as corneal transplants are effective (Olivia et al., 2012), but are not 
always available, as approximately 53% of the world’s population has no access to 
corneal transplants for religious or cultural concerns, and approximately only one cornea 
is donated for every 70 needed transplants (Gain, et al., 2017). The number of corneas 
that are available for transplant has been reduced due to the increasingly high number of 
LASIK procedures, which weaken the cornea and deem it unusable for transplant. 
Additionally, Type II Diabetes can cause post-surgery complications through a reduction 
in adhesions of the epithelium to the stroma (Tabatabay et al., 1988) or epithelial 
breakdown (Hiraoka, et al., 2001). In light of these factors, research into the possible 




FIGURE 1: (A) Structures of the Eye. The cornea is the outermost part of the eye, 
and comes into contact with the external environment. (B) Schematic of the  
Layers of the cornea, detailing the layers of the cornea.  
 The cornea contains five layers (right): epithelium, basement membrane, stroma, 
Descemet’s membrane, and endothelium. Schematic of the eye (A) adapted from 
Helmenstine, 2019. Schematic of cornea (B) adapted from Foster, 2003.  
 
        The cornea forms the outermost layer of the eyeball, and is transparent and 
avascular. The tear film is sometimes considered to be an additional layer and protects 
the rest of the eye from the external world. It maintains hydration and creates a even 
surface during blinking. Growth factors and other molecules are released from the 
lacrimal gland into the tear film after injury (Sridhar, 2019). The cornea provides 70% of 
the eye’s refractive power. The anterior surface of the cornea is made up of stratified 
squamous non-keratinized epithelium, which is separated from the stroma by a basement 
membrane (basal lamina). The stroma makes up the bulk of the cornea’s thickness, and is 
mainly composed of matrix proteins (collagens and proteoglycans) and sparsely 
populated with keratocytes and dendritic cells. Descemet’s membrane lies between the 
stroma and the corneal endothelial cells, which is the innermost layer of the cornea.  The 
endothelium is a single layer of cells that helps protect the corneal stroma from the eye’s 
 
3 
aqueous humor, and is the only avascular endothelium in the body.  
 
TABLE 1. Cell types present in the corneal epithelium, and the expected number of 
layers of each type. Cells are ordered from anterior to posterior locations. 
Epithelial cell type Thickness Features 
Apical cells 1-2 layers -Squamous 
-Microvilli to increase surface area 
-Tight junctions for protection 
Wing (middle) cells 2-3 layers  
Basal cells 1 layer -Cuboidal or columnar 
-Asymmetric mitotic division 
 
 
FIGURE 2: Cell Types in the Corneal Epithelium. 1-2 layers of flat apical cells 
make up the most anterior portion of the cornea, followed by 2-3 layers of wing 
cells, and finally a single layer of cuboidal or columnar basal cells. Image adapted 
from Suzuki et al., 2003.  
 
 The corneal epithelium can be further divided into three subcategories. Apical 
cells are roughly hexagonal, and very flat, occupying 1–2 layers at the anterior surface of 
the cornea. Wing cells reside in 2-3 layers, between apical and basal cells. Basal cells 
comprise a single layer of cells that adhere to the basement membrane. They are 
columnar or cuboidal, and are the only corneal epithelium cells capable of mitosis, 
regenerating the epithelium approximately every 7–10 days 
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Apical cells contain tight junctions, and provide the first line of defense. In an 
unwounded cornea, they prevent the penetration of growth factors from tears 
upregulating their respective receptor leading to proliferation. In addition, they prevent 
the devastating entry of bacteria or viruses. Adherens junctions are present in apical and  
 
TABLE 2: Types of junctional complexes in the corneal epithelium (Sridhar, 2018) 
 
Junctional Complex Location Function 
Tight Junctions Lateral surface of apical cells Create a semi-permeable 
barrier 
Adherens Junctions Lateral surface of apical and 
wing cells 
Adhere cells together 
Desmosomes Lateral surface of all 
epithelial cells 
Adhere cells together 
Gap Junctions Lateral surface of all 
epithelial cells 
Allow movement of molecules 
between cells 
Hemidesmosomes Basal surface of basal cells Adhere cells to basement 
membrane 
 
wing cells, to help maintain mechanical contact with a cell’s neighbors. Adherens 
junctions also mediate cytoskeletal maintenance and intracellular signaling. Desmosomes 
are present between cells of several layers, and may be present in basal cells. The 
desmosome is the only type of cell-cell junction that associates with intermediate 
filaments, instead of actin filaments. Hemidesmosomes are present only underneath basal 
cells, where they adhere cells to the underlying basement membrane (Table 2, Fig. 3). 
This hemidesmosomal complex associates with proteins in the lamina lucida and the 
anterior stroma. While the names are similar for the latter two junctions, the protein 




FIGURE 3: Junctional Complexes in Epithelial Cells. Tight and adherens junctions 
are found near to one another towards the apical surface of cells. desmosomes are 
found between wing cells, and gap junctions may be detected in a number of cell 
layers. Hemidesmosomes connect the basal plasma membrane of the cell to the 
basement membrane. This image depicts the gastrointestinal epithelium structure, 
which demonstrates many similarities to the corneal epithelium. (Figure from 
Lodish et al.) 
 
Cell polarity refers to the differences in cell shape and protein composition based 
on cell location. Polarity can be described as either apical-basal, or planar. Apical-basal 
polarity is especially important in unwounded tissue, whereas planar polarity becomes 
important in wounded tissue, as cell polarity shifts to allow cell migration. In addition to 
cell junctional complexes, there are several polarity proteins that create and maintain 
epithelial polarity. They regulate the transition of cells from basal to apical, and may 
control shedding or desquamation (Garcia et al., 2018). Specific polarity proteins include 
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the Crumbs complex, which helps determine the apical membrane and the scribble 
complex, which maintains the basolateral membrane. The Crumbs complex associates 
with the Par complex, which includes PKCζ. The Par complex activates the GTPases 
Rac1 and Rho. Rac1, specifically, is necessary for the activation of ZO, which is a tight 
junction (Ikenouchi, Umeda, Tsukita, Furuse, & Tsukita, 2007). Rac1 also plays a more 
direct role in cell migration by promoting actin polymerization, which allows the 
formation of lamellipodia (Ridley, 2006). ZO1 associates with the Crumbs complex 
toward the apical aspect of the cell. Finally, the Scribble complex, including Discs Large 
(DLG), helps determine the basolateral membrane (Oshima & Fehon, 2011). Changes in 
these proteins, in addition to the previously described junctional complexes, are crucial to 
wound healing, as cells necessarily change shape and migrate to close the wound (Ferris 
et al., 2019). 
 
FIGURE 4: Polarity Proteins of the Corneal Epithelium. The Crumbs complex, 
which includes Crb3, is essential for determining the apical membrane. It associates 
with the Par Complex, which includes PKCζ. The Par complex then activates Rac 
and Rho, two GTPases. The Scribble complex is involved in basal membrane 
differentiation, and includes Discs large (DLG). The tight junction ZO1 is observed 
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at the apical cell membrane and has been shown to be associated with the Crumbs 
complex. Image adapted from Nelson, 2009.  
 
The cytoplasmic contents that are released when a cell is damaged include 
substances not usually present in the extracellular matrix, such as organelles, intracellular 
proteins, and nucleotides. One of these components is adenosine triphosphate (ATP), 
which is critical in several intracellular processes and therefore is rarely present 
extracellularly (Klepeis, Cornell-Bell, & Trinkaus-Randall, 2001). Extracellular ATP 
activates purinoreceptors, which regulate intracellular ion concentrations and activate the 
cell’s migratory processes (Weinger, Klepeis, & Trinkaus-Randall, 2005). After 
activation, cells at the wound margin flatten and form membrane protrusions, allowing 
the sheet to move to the center the wound in a centripetal manner (Dua et al., 1994). 
Migrating cells retain tight junctions, desmosomes, and some adherens junctions, 
allowing a sheet-like movement (Chi & Trinkaus-Randall, 2013, Tsai & Galko, 2019). 
During migration, many proteins involved in hemidesmosome maintenance are 
downregulated, while focal adhesion proteins are upregulated, allowing migration over a 
temporary matrix composed largely of fibronectin, fibrin, and heparan sulfate 
proteoglycans (Zieske, 2001). In order to migrate, cells must maintain a balance of cell-
matrix attachment. Attachment that is too firm could hinder the cell’s ability to migrate, 
while an overly loose attachment could allow cells to be easily swept away. After 
migration and wound closure, basal cells begin to proliferate to restratify the epithelium. 
Hemidesmosome components are upregulated, to form new attachments to the basement 




FIGURE 5: Corneal Wounding and Planar Polarity. An intact corneal epithelium 
maintains apical basal polarity. Upon wounding, the cells must now move along the 
leading edge of the wound to facilitate healing. This creates a planar polarity which 
differentiates the wound edge and back from the wound edge (distal). Image 
adapted from Suzuki et al., 2003. 
 
 E-cadherin is considered to be a core component of an adherens junction. A trans-
membrane protein, E-cadherin connects with cadherins in an adjacent cell, and its rigidity 
is maintained by binding of Ca2+ (van Roy & Berx, 2008). E-cadherin associates with 
several cytoplasmic proteins, including the catenin family. Specifically, the cytoplasmic 
C-terminus of E-cadherin binds to a region in the C-terminus of β-catenin (Pai et al., 
1996), in a phospho-dependent manner (Moreno & Fuchs, 2006). Multiple isoforms of Β-












 In the adherens junction, β-catenin recruits ɑ-catenin to the plasma membrane, 
where it provides mechanical resistance to maintain cell shape (Perez et al., 2006, 
Hartsock and Nelson, 2008). The N-terminus contains the binding pocket for a-catenin. 
In humans, β-catenin is 781 amino acids long, and contains a 523 amino acid central 
region, which forms 12 Armadillo repeats, each approximately 42 amino acids in length. 
These repeats comprise a triple ɑ-helix that is fairly rigid, while the N- and C-termini are 
more flexible (Huber et al., 1997). The monomeric form of β-catenin interacts with 
FIGURE 6: Components 
of the Epithelial 
Adherens Junction. E-
cadherin spans the 
membrane, binding to β-
catenin on the 
cytoplasmic side. β-
catenin binds to ɑ-
catenin, which in turn 
binds either directly to 
actin (not shown) or uses 
vinculin as a bridge to 
actin. Adapted from 




proteins in the Wnt pathway.  but not as part of the adherens junction (Valenta, 
Hausmann & Basler, 2012). In this pathway, β-catenin plays a role in determining cell 
fate, and regulating the pluripotency of stem cells. This selective participation in 
pathways may be due to a folding-over of the C-terminus region of β-catenin, which 
restricts cadherin binding while allowing association with components of the Wnt 
pathway (Gottardi & Gumbiner, 2004). This allows changes in the cytosolic levels of β-
catenin without changing cell-cell adhesion activity.  
 In contrast, when β-catenin is targeted for adherens junctions, it binds to E-
cadherin within the endoplasmic reticulum (Chen et al., 1999). Without association with 
β-catenin, E-cadherin is ubiquitinated in the cytosol and subsequently degraded (Hinck et 
al., 1994, Aberle et al., 1997). In turn, E-cadherin prevents the binding of components of 
the β-catenin degradation complex in the cytosol (Huber & Weiss, 2001). During 
adherens junction formation, the β-catenin that is already bound to E-cadherin forms a 
heterodimer with ɑ-catenin (Gottardi & Gumbiner, 2004 and Yamada et al., 2005).  
Within the adherens junction, ɑ-catenin indirectly links β-catenin to actin. This 
takes place either through direct binding to actin or through recruitment of vinculin 
(Rimm et al., 1995, Pokutta & Weiss, 2000 and Watabe-Uchida et al., 1998). Therefore, 
ɑ-catenin plays a crucial organizational role in the formation of the adherens junction, as 





FIGURE 7: The Structure of β-catenin. Human β-catenin comprises 781 amino 
acids in total, including 523 amino acids that make up a rigid triple helix in the 
central region. The termini of β-catenin are more flexible. The N-terminus of β-
catenin contains the binding pocket for ɑ-catenin, and the C-terminus contains the 
binding pocket for E-cadherin. Image adapted from Xu & Kimelman, 2007.  
 
Vinculin is a focal adhesion protein that is present in both cell-cell and cell-matrix 
junctions. When vinculin is activated it unfolds, allowing for binding on both ends. It is 
phosphorylated on different residues, depending on whether it participates in cell-cell or 
cell-matrix adhesion (Bays et al., 2015). In the adherens junction, vinculin acts as a 
bridge between actin and ɑ-catenin, stabilizing E-cadherin without directly binding to it 
(Fig. 6) (Peng et al., 2010). In cell migration, vinculin is proposed to regulate actin 
bundle formation, and experiments have demonstrated the stability of vinculin under 
different conditions (Weiss et al., 1998). Therefore, vinculin plays an important role in 
cell migration (Jannie, et al., 2016). 
After wounding, adherens junctions along the lateral membranes of cells at the 
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wound margin are decreased. E-cadherin is downregulated, which can be a factor in the 
release of β-catenin from the adherens junction (Valenta et al, 2012). β-catenin begins to 
be trafficked from the cell surface to degradation complexes. A previous study found that 
the same degradation complexes used to break down β-catenin involved in the Wnt 
pathway also function in the breakdown of β-catenin from adherens junctions (Tsai & 
Galko, 2019). As a member of the degradation complex, casein kinase 1-ɑ (Ck1𝝰) 
phosphorylates S45 of β-catenin (Jiang et al., 2018). This is followed by three further 
phosphorylations (T41, S37, and S33) by glycogen synthase kinase 3 β (GSK-3β). These 
phosphorylations target β-catenin for ubiquitination by E3 ubiquitin ligase β-TrCP, which 
causes transport of β-catenin to the proteasome (Xu & Kimelman, 2007). New adherens 
junctions are formed after cell migration is complete.  
As our goal was to examine how a diabetic environment alters wound healing, we 
examined a number of diabetic mouse models. The BKS.Cg-Dock7m +/+ Leprdb/J (DB) 
mice are an obese model of Type II Diabetes that display the impaired wound healing 
that is characteristic of Type II Diabetes in humans (https://www.jax.org/strain/000642). 
An obese model is ideal, as obesity is a major risk factor for diabetes-related 
complications, in addition to the fact that 89% of individuals with diabetes are 





In order to investigate the patterning and localization of β-catenin in a mouse model of 
Type II Diabetes, I will: 
1) Harvest unwounded and wounded corneal epithelial tissue from control and DB 
mice. 
2) Perform immunohistochemistry to stain for the β-catenin protein. 
3) Use confocal microscopy to obtain images of apical-basal and planar polarity. 
4) Analyze images to visualize the localization of β-catenin apically, basally, and in 
relation to the wound. 
 
Expectations of diabetic tissue, compared to control, include: 
1) Increased levels of β-catenin at the wound edge. 







   The research protocol conformed to the standards of the Association for 
Research in Vision and Ophthalmology for the Use of Animals in Ophthalmic Care and 
Vision Research, and the Boston University IACUC. BKS.Cg-Dock7m +/+ Leprdb/J (DB) 
mice were obtained from Jackson Laboratories (Bar Harbor, ME) at 10 weeks of age, 
and C57BLKS/J control (CTL) mice (Charles River, Boston, MA) were obtained at 9-10 
weeks of age. DB mice were fed LabDiet 5K52 (6% fat), and CTL mice were fed a 
control diet, D12450B (10 kcal% fat, 3.8kcal/g). DB mice are an obese model of Type II 
Diabetes, and are homozygous for the Leprdb  diabetes gene. The addition of the Dock7m 
gene maintains the Leprdb diabetes mutation. DB mice demonstrate high blood sugar that 
cannot be controlled with administration of exogenous insulin, peripheral neuropathy, 
and impaired wound healing.  
 
Corneal abrasions 
   Mice were euthanized using CO2. To perform epithelial abrasions, a 1.5 mm 
trephine was used to mark a circle on the center of the cornea. A razor blade was used to 
remove epithelium within the trephine border. Eyes were removed and incubated in 
98.89% keratinocyte media, containing 100 µl/ml penicillin, 100 µg/ml streptomyocin, 
and 0.3M calcium chloride, at 37℃ and 5% CO2 for 2, 8, 20, or 48 hours, to allow 
wound healing. Unwounded eyes were incubated under identical conditions, with timing 
as indicated. Eyes were fixed in 4% paraformaldehyde (PFA) in phosphate buffered 
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saline (PBS), at pH 7.2, for 20 minutes at room temperature and then placed in PBS. 
Corneas were cut into quarters. The cornea and surrounding sclera were dissected prior to 
immunohistochemistry analysis. In preparation for staining, wounded corneas were cut in 
half, and unwounded corneas were cut into quarters. Just prior to imaging, small wedges 
or slits were cut into the scleral rim to allow the tissue to lie flat.  
 
Immunohistochemistry 
To probe for specific proteins, immunohistochemistry was performed as described 
by Minns et al. (2016). A solution of 2% bovine serum albumin (BSA) in PBS was made 
and filtered to remove clumps. Prior to staining with antibodies, corneas were blocked for 
one hour in a solution of PBS containing 10% Triton X-100, 2% BSA, and the 
appropriate primary antibodies. The tissue was placed in a fresh blocking solution 
containing the primary antibodies, and incubated overnight at 4 ºC. The dilutions of 
primary antibodies and their sources are presented in Table 3. The secondary control 
tissue was incubated in the same solution of Triton X-100 and BSA for the equivalent 
time period, but lacked primary antibody. Excess primary antibody was removed with 
three five-minute washes in PBS. The corneas were then incubated for one hour at room 
temperature in a solution of 10% Triton X-100, 2% BSA, and PBS containing a 
conjugated secondary antibody at a dilution of 1:300 (Table 3). The excess secondary 
antibody was removed with three five-minute washes in PBS. The tissue was 
counterstained with a solution of rhodamine phalloidin (Invitrogen, Carlsbad, CA) in 
PBS at a 1:50 dilution, to visualize F-actin. The corneas were mounted using 
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VectaSHIELD, with 4’,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, 
CA). Confocal microscopy was used to image the stained corneas. 
 
TABLE 3: Names, Dilutions, and Sources of Antibodies Used 
Antibody Dilution Source 
Β-catenin 1:500 Abcam, Cambridge, MA 
Vinculin 1:100 Sigma, Framingham, MA 
 ɑ-Catenin 1:100 BD Transduction Laboratories, Woburn, MA 
E-cadherin 1:150 ProteinTech, Rosemont, IL 
Alexa-Flour 488 donkey 
anti-rabbit 
1:300 Invitrogen, Carlsbad, CA 
Alexa-Flour 633 goat anti-
mouse 
1:300 Invitrogen, Carlsbad, CA 
 
 
FIGURE 8: Confocal Microscopy Technique for Imaging Tissue. Tissue is 
placed with apical cell surfaces down. Z-stacks are created from a series of 
images taken 1 micrometer* apart. These images are compiled into an 
orthogonal cross-section or 3D image, allowing examination of apical-basal 
polarity. Image adapted from Annie Londregan (2018).  
 
To image, corneas were mounted with VectaSHIELD on a glass-bottomed p35 
plate (World Precision Instruments, Sarasota, FL), with the epithelium facing 
downward, and covered with a glass coverslip to flatten the tissue. Images were taken 
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from the apical surface of the epithelium downwards, using a Zeiss LSM 700 with either 
40x or 63x oil objectives. The tissue lacking primary antibody was imaged first and used 
to set the highest allowable gain levels for proteins of interest (i.e. Beta-Catenin), and 
levels were not increased. The pinhole size was maintained at 1 Airy Unit (AU) across 
all images. Z-stacks of 1 micron were taken for each sample, from above the apical 
surface of the epithelium to the most basal aspect of the cells. As the thickness of each z-
stack varied with the thickness of the cornea, the thickness was recorded and final 
analysis examined the equivalent apical-basal polarity.  
 
Image processing  
 Image analysis was performed using FIJI/ImageJ (NIH, Bethesda, MD; 
http://imagej.nih.gov/ij/). Samples were compared by measuring mean fluorescence of 
several rows of cells (five rows in the most apical slice, and nine rows in all following 
slices), starting at the wound edge, in five equally spaced slices from each z-stack. 
Comparable start and end points were determined prior to measurements. The mean 
fluorescence of each region of interest (ROI) was measured, and divided by the number 
of cells in the measured row to determine the mean fluorescence per cell, to determine the 








 BKS.Cg-Dock7m +/+ Leprdb/J mice, referred to as DB mice, were used as a model 
of Type II diabetes, to study changes in protein distribution in the cornea. The DB mice 
demonstrated increased body weight, and occasional pre-existing corneal abrasions, 
possibly as a side effect of peripheral neuropathy (Fig. 9). Furthermore, the DB mice 
sometimes exhibited corneal epithelium that easily sloughed off from the remainder of 
the cornea during dissection of the eye, which necessitated great caution during 
dissection. Eyes were noticeably less firm, indicating less intraocular pressure, and were 
therefore more difficult to wound.  
Both apical-basal and planar polarity of β-catenin are of interest, as β-catenin plays 
an important role in the adherens junction of intact epithelial cells, and also in cell 
migration. In light of this, I speculated that β-catenin would be largely localized to the 
apical region of the corneal epithelium, and that control mice would demonstrate higher 
overall levels of β-catenin than DB mice. Due to the fact that Type II diabetics  
 
FIGURE 9: Examples of Preexisting Corneal Issues in DB Mice. A corneal 
imperfection in a female DB mouse (a), a preexisting epithelial abrasion in a male 
DB mouse (b), and a peeling or sloughing area in another female DB mouse (c). 
These corneal issues were present when mice were delivered to our lab.  




demonstrate delayed wound healing, and that down-regulation of adherens junctions at 
the wound edge is a key factor in wound healing, I also expected a lower level of β-
catenin at the wound edge of control mice, compared to DB.   
 
Polarity and localization of β-catenin in unwounded tissue  
Because β-catenin is localized in an apical-basal pattern, it was necessary to 
determine its distribution in unwounded tissue in both control and diabetic mice, in order 
to properly evaluate wounded tissue. All unwounded corneas were stained with 
antibodies for β-catenin and either α-catenin, vinculin, or E-cadherin; however, this thesis 
will discuss β-catenin. Data from male and female mice were kept distinct. This enabled 
us to evaluate if an epithelial wound alters the distribution of β-catenin within groups, 
and then to evaluate differences in localization between control and DB mice. 
Comparisons were also made between sex.  
After tissue was stained, imaging was performed on a Zeiss 700 confocal 
microscope. Images were taken as z-stacks, 1 µm apart. This feature allows the 
visualization of the tissues in an apical to basal direction, without the necessity of manual 
adjustment of z-axis. Seven equidistant images (which we have called “intervals”) were 
isolated from each z-stack, for measurement (Fig. 10). This process was to give an 
equivalent range of measurements, to allow comparison of apical-basal protein 
distribution between all four groups. The five most apical intervals were analyzed for all 





 FIGURE 10: Strategy for Determining Measurement Intervals. Seven equidistant 
single images (which we have called “intervals) were isolated from the z-stack, 
starting with the discernible apical cells and ending in the most basal region, before 
the basal lamina. The two most basal intervals (6 and 7) were discarded for all 
wounded categories, due to consistently poor cell resolution and loss of visible 
wound edge. Interval 7 of each group within the unwounded category was measured 
and these values were used to standardize all other measurements. It was necessary 
to use intervals instead of equidistant numbers because corneas differed in thickness 
between individuals, between control and DB, and between sexes. This process gives 
us the ability to compare equivalent apical-basal polarity. 
 
In unwounded tissue, groups of cells were outlined using f-actin as a guide (Fig. 
11), and were measured in arbitrary units for mean fluorescence of β-catenin. Total mean 
β-catenin fluorescence (measured by taking the mean of measurements from all five 
intervals) of the male control group was 19.4% higher than that of the male DB group. 
The total mean β-catenin of the female control group was 52.0% higher than the female 




     
 
     
 
    
 
    
 




FIGURE 11: Method for Outlining Cells 
in Unwounded Tissue. After intervals 
were determined, cells were visualized 
using f-actin stained with rhodamine 
(red). Cells were outlined and mean β-
catenin was measured (green). Utilizing f-
actin to visualize the cells was necessary 
because β-catenin is not generally visible 
in the lower intervals.   
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FIGURE 12: Patterning and Polarity of β-catenin in Unwounded Tissue. Images 
were taken using a Zeiss 700 confocal microscope, with a 40x oil objective. Each 
image was obtained as a z-stack. β-catenin is found primarily in apical intervals in 
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In both control and DB groups, unwounded tissue stained most intensely for β-
catenin in the two most apical intervals (Interval 1 and Interval 2) while in basal intervals, 
β-catenin becomes difficult to visualize (Fig. 12). This indicates that β-catenin is 
primarily localized to apical cells, in unwounded tissue.  
The apical-basal distribution observed in Figure 11 was supported by plotting the 
mean β-catenin of intervals 1-5 in control and DB groups (Fig. 20a, b), which suggests a 
higher level of β-catenin in apical regions of unwounded tissue in both control and DB 
samples, compared with basal regions.  
 
Polarity of β-catenin in 2 hour wounded tissue 
In wounded tissue, the localization of β-catenin was determined from the wound 










FIGURE 13: Method of Measuring 
Rows Back from the Wound Edge. In 
each interval. rows of cells were 
outlined, starting at the wound edge 
and moving distally. Each row was 
measured for mean fluorescence 
individually, to give graphs of 
fluorescence per row within a single 
interval. This provides an indication of 
planar polarity.  
The mean of all rows in a single interval 
is taken to provide the mean per 
interval, and give an indication of 
apical-basal polarity.  
The mean of all intervals was calculated 
to give total mean β-catenin.  
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(apical-basal) equivalent to those of unwounded tissue. This provides an indication of 
planar polarity. The mean of all rows in a single interval provides the interval mean, 
which creates an indication of apical-basal polarity, for comparison with unwounded 
tissue. The mean of all row measurements for a group (i.e. all measured rows in all 
intervals for the male control group in a 2-hour wound healing category) gives the total 
mean fluorescence, and allows a general comparison between mean fluorescence of β-
catenin between groups in 
a single time-point. 
At 2 hours, previous work has demonstrated that cells are beginning to migrate 
and regulation of purinoreceptors that bind the ATP released upon injury has changed 
(Kehasse et al., 2013). In the 2-hour wound category, the male DB group had mean β-
catenin fluorescence that was 91% higher than that of the male control group, in contrast 
to the other time points, where the male control was generally higher. The apical 
localization of both male groups in the 2-hour wound category was fairly consistent with 
the unwounded male groups, in terms of a higher localization of β-catenin in apical 
regions compared to basal regions (Fig 20a, c). Examination of planar polarity, shows a 
small increase of β-catenin at the wound edge of the male control group, particularly in 
basal regions (Fig. 14, Fig. 15e, g, i). The male DB group showed consistently higher 
levels of β-catenin at and distal to the wound edge, compared to the male control group. 
However, the two most basal intervals (Interval 4 and Interval 5) of the male DB group 
show a distinct increase of β-catenin at the wound edge, and a gradual decrease distal to 
the wound edge (Fig. 15g, i), to a more noticeable extent than in male control.  
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FIGURE 14: Patterning and Polarity of β-catenin in 2-hour Wounded Tissue. 
Wound edges were measured by outlining a row of cells at the leading edge of the 
wound (Row 1). Subsequent rows were measured distal to Row 1. In the two-hour 
time point, male DB mice demonstrate a greater mean β-catenin than male control 
in all measured intervals. Planar polarity can also be visualized here, with higher 
































a b c 
e f g h 
i j k 
m n o 















                    Male                                                         Female 
               
 
               
 
               
 
               
 
               
FIGURE 15: Planar Polarity of β-catenin in a 2-hour Wound. Graphs were made 
using mean fluorescence of β-catenin (y-axis) per row (x-axis), with Row 1 
corresponding to the wound edge, and subsequent rows moving distal to the wound 




















































































































































































FD denotes Female DB. Means were calculated by averaging equivalent 
measurements over three sets of independent experiments.  
 
While it is important to note that the mean fluorescence of β-catenin was higher in 
the female control mice compared to the female DB mice in the 2-hour time point, the 
difference was less pronounced than in the unwounded category (17% higher in the 2-
hour wound category, versus 34% higher in the unwounded category), as well as in 8-
hour and 20-hour wounds (see later). Both female groups showed less pronounced apical 
localization compared to the male groups, although both female groups still showed some 
degree of apical localization of β-catenin (Fig. 14 and Fig. 15). In the most apical interval 
(Interval 1), female DB had a higher mean β-catenin fluorescence compared to female 
control (Fig. 20d). However, differences between female control and female DB groups 
were generally small, in contrast to the differences between these groups in the 
unwounded category (Fig. 20 b, d).  
In terms of planar polarization, the most apical interval (Interval 1) shows 
frequent higher levels of β-catenin in the female DB group, compared to the female 
control group (Fig. 15b). Additionally, in Intervals 2, 3, 4 and 5, there are cell rows where 
mean β-catenin was higher in female DB, compared to female control (Fig. 15d, f, h, g), 
some proximal to the wound edge, some distal. This suggests that in a 2-hour wound, 
female control mice exhibit higher total levels of β-catenin than female DB mice, but that 
planar polarity differs between female control and female DB, with the female DB 
frequently having higher levels distal to the wound edge, and occasionally proximal to 
the wound edge. However, the general pattern of planar polarity is similar between 
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female groups (Fig. 15). 
 
Polarity of β-catenin in 8-hour wounded tissue 
8-hour wounded tissue was stained, imaged, and analyzed in the same manner as 
the 2-hour wounded tissue. The overall mean β-catenin fluorescence in the male control 
was only 7.8% higher than the male DB. β-catenin fluorescence was again visible largely 
in apical regions and, more basally, at the wound edge, and in fact, both male control and 
DB groups demonstrated their highest apical β-catenin fluorescence, compared to levels 
in 2-hour, 20-hour, or unwounded categories (Fig. 20). Furthermore, in the most apical 
interval (Interval 1), the male DB group showed higher mean β-catenin fluorescence, 
compared to the male control group (Fig. 20c). Examination of planar polarity, 
particularly in basal intervals (Fig. 16, Fig. 17), showed a higher level of β-catenin at the 
wound edge, and a decrease distally in both male groups, similar to the 2-hour wound 
category. However, the fluorescence at the wound edge of the male control group was 
much higher than that of the male DB group (Fig. 17). Distal to the wound edge, 
however, β-catenin in the male DB category was frequently higher (Fig. 17c, e, i). This 
indicates that male control mice have increased β-catenin at the wound edge 8-hours after 
wounding, and far lower levels distal to the wound. However, in male DB mice, levels of 
β-catenin do not show the same degree of change in β-catenin between the wound edge 
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FIGURE 16: Patterning and Polarity of β-catenin in an 8-hour Wound. In interval 
2, the male (e) and female (g) control groups displayed noticeably brighter 
fluorescence than the DB groups (f and h). Planar polarity can also be visualized 
here, with higher fluorescence at or near the wound edge, particularly in basal 
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FIGURE 17: Planar Polarity of β-catenin in an 8-hour Wound. Graphs were made 





















































































































































































corresponding to the wound edge, and subsequent rows moving distal to the wound 
edge. MC denotes Male Control, MD denotes Male DB, FC denotes Female Control, 
FD denotes Female DB. β-catenin is primarily located in apical regions of corneal 
epithelium of all groups, in a fairly uniform planar distribution. However, in basal 
regions of wounded tissue, β-catenin is located at or near the wound edge.  
 
However, regulation appears to be different in the female control, which had a 
total mean β-catenin fluorescence that was 53.5% higher than the female DB. In terms of 
apical-basal polarity, β-catenin was generally localized to apical regions, which was clear 
both by visual inspection and by analysis (Fig. 16 and 20). Both female control and 
female DB groups demonstrate their highest interval means in the apical regions of the 8-
hour wound category, compared to 2-hour wound, 20-hour wound, and unwounded 
categories (Fig. 20). Examining planar polarity shows an obvious increase of β-catenin 
localized proximal to the wound edge, compared to distal cell rows, in both female 
control and female DB groups. However, unlike 2-hour and 20-hour wounds, this 
increase is higher at the wound edge of the female DB group, in the middle three 
intervals (Intervals 2, 3, and 4) (Fig. 17d, f, h). This is a trend opposite from that of the 
male group, and suggests that, in an 8-hour wound, female DB mice may develop higher 
levels of β-catenin at the wound edge, in basal regions, compared to female control mice. 
It is not known if the changes here are correlated with the difference in thickness of the 
epithelium. It is also not known if there is any difference in epithelial stiffness that might 




Polarity of β-catenin in 20 hour wounded tissue 
The data collected on 20 hour wounded tissue is preliminary, as a third set of 
measurements has not been taken to date. However, staining, imaging, and analysis were 
performed in the same manner as other time points.  
Analysis revealed that the total mean β-catenin fluorescence in male control was 
895% higher than male DB in the 20-hour wound category. Figures 18 and 20 show that 
the male control demonstrated greater mean β-catenin fluorescence, compared to male 
DB, in all intervals. Examination of apical-basal polarity shows that in the male control 
group β-catenin was not necessarily localized to the most apical intervals, when each 
interval was considered as a whole (Fig. 20g). However, closer examination of the 
images suggests that this may be due to a high level of β-catenin localized at the wound 
edge in basal intervals, with obvious decreases distally (Fig. 18a, e, i, m, q). The male DB 
group showed a general localization of β-catenin to the apical regions of the epithelium, 
with a decrease in the most basal intervals (Fig. 20g). Planar polarity of the male control 
group showed high levels of β-catenin at the wound edge similar to the 8-hour and 2-hour 
wound categories (Fig. 15, Fig. 17, Fig. 18, Fig. 19). Specifically compared to the 2-hour 
wound category, basal wound-edge levels of β-catenin in the male control group are 
much higher. When compared specifically to the 8-hour wound category, the 20-hour 
wound has a much more gradual decrease of β-catenin distal to the wound in the male 
control group, and wound edge levels of β-catenin stay quite high, even basally (Fig. 17, 
Fig. 19). In contrast, the male DB group showed little to no increase of β-catenin at the 
wound edge, compared to the male control group. In fact, many basal and apical intervals 
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FIGURE 18: Patterning and Polarity of β-catenin in a 20-hour Wound. Both male 
and female control groups demonstrate clearly higher overall levels of fluorescence, 
compared to the DB groups. In basal regions, β-catenin becomes difficult to 
visualize anywhere in the DB groups. However, in control groups, β-catenin remains 
visible in basal regions, although it is largely confined to the area immediately 
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FIGURE 19: Planar Polarity of β-catenin in a 20-hour Wound. Graphs were made 




























































































































































































corresponding to the wound edge, and subsequent rows moving distal to the wound 
edge. MC denotes Male Control, MD denotes Male DB, FC denotes Female Control, 
FD denotes Female DB. β-catenin is primarily located in apical regions of corneal 
epithelium in all groups, and is fairly steady in rows distal to the wound edge. 
However, in basal regions of wounded tissue, β-catenin is located at or near the 
wound edge, particularly in control tissue.  
 
intervals show steadily increasing levels of β-catenin away from the wound edge in the 
male DB group (Fig. 19c, e, g). These results suggest that 20-hour after a wound, male 
control mice continue to have high levels of β-catenin at the wound edge, but male DB 
mice demonstrate this either to a much lesser extent, or not at all. 
Mean total β-catenin fluorescence in the female control was 131.5% higher than 
the female DB. Female controls clearly demonstrated higher levels of β-catenin 
fluorescence than the female DB group in the 20-hour wound category in all intervals 
(Fig. 20h). Similar to the male control, the most apical interval (Interval 1) of the female 
control group shows the lowest level of β-catenin compared to the remaining intervals, 
which all show a relatively consistent higher value (Fig. 20h). Also similar to the male 
control group, these high basal levels seem to be due to the great quantity of β-catenin 
that is localized to the wound edge in basal regions (see later). The female DB group, 
similar to the male DB group, shows generally higher levels of β-catenin in apical 
regions, compared to the most basal regions (Fig. 20h). Examination of planar polarity 
shows that the female control group had increased levels of Β-catenin at the wound edge, 
particularly basally, with a very gradual decrease distal to the wound (Fig. 18, Fig. 19). 
The female DB group shows this localization to a lesser extent, and occasionally shows 
intervals where β-catenin actually increases distal to the wound (Fig. 19b, d). These 
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                    Apical                                             Basal                           Apical                                              Basal 
2 hour  
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Fig. 20: Mean Fluorescence of β-catenin in Control and DB Tissue for All Time 
Points. Mean Β-catenin (Y-axis) for each interval (X-axis) is displayed for each of 






















































































































most apical and 5 being the most basal measurement. Values were obtained by 
taking the mean of all measured rows per interval, for all samples in a specific 
group. β-catenin is primarily localized in the apical cells in most categories, seen in 
the first two intervals measured, but persists to a high extent in basal intervals in the 
20-hour category, particularly in control groups (g and h). MC denotes Male 
Control, MD denotes Male DB, FC denotes Female Control, FD denotes Female DB.  
 
results suggest that, 20 hours after wounding, female control mice continue to 
demonstrate high levels of β-catenin at the wound edge, with a gradual decrease distal to 
the wound. Comparatively, female DB mice show this pattern to a much lesser extent, or 
not at all.  
 In summary, there is a difference in the apical-basal distribution of β-catenin in 
unwounded tissue. This indicates that there might be a difference in either synthesis or 
trafficking of the protein. Interestingly, the differences are subtle in earlier time points 







  A study by the Center for Disease Control (CDC) found that 9.4% of Americans 
have Diabetes (CDC, 2020), and cases are still increasing. The association between Type 
II Diabetes and side effects such as corneal abnormalities and delayed wound healing 
have been frequently documented (i.e. Schultz et al., 1984). Cell migration is the major 
component of wound healing, and requires the up- and down-regulation of cell-cell 
adhesion complexes. β-catenin plays an important role in the maintenance of adherens 
junction of the epithelium, by recruiting α-catenin to the cell membrane, to help anchor 
E-cadherin to actin. The combination of these factors makes β-catenin an important 
subject for investigation. 
Overall, our results showed that β-catenin is localized primarily in the apical 
regions of the corneal epithelium of unwounded tissue, although a small amount 
(between 3% and 13% of total) is found basally. Furthermore, the average levels (apical, 
basal, and total) were generally higher in control mice than in DB mice (Fig. 12, Fig. 20).  
 The apical localization of β-catenin is in keeping with our original hypothesis, as 
adherens junctions are primarily located in the apical epithelium (Hartsock & Nelson, 
2008). Additionally, the higher levels of β-catenin found in the control mice are also 
consistent with our expectations. It seems probable that the level of β-catenin correlates 
to the amount of adherens junctions present in the epithelium and, if that is the case, this 
is a possible factor in the decreased epithelial integrity demonstrated in the cornea of 
Type II Diabetics (Saini & Khandalavla, 1995, Gekka et al., 2004, Jiang et al., 2019). 
This could be determined using electron microscopy to determine the number of adherens 
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junctions present. Most of the literature on adherens junctions in the tissue of Type II 
Diabetes focuses on the vascular endothelium. However, several of these studies have 
found a decrease in the number of adherens junctions in diabetics (Hempel et al., 1997, 
Babawale et al., 2000).  
Our results demonstrated that, after wounding, β-catenin remains in apical regions 
of the corneal epithelium (Fig 19), however, β-catenin was found to persist basally, where 
it was localized to the wound edge. This basal localization is in contrast to our 
expectations, as β-catenin in lateral junctions of epithelial cells at the wound edge is 
reportedly trafficked into the cytoplasm, where it is degraded (Tsai & Galko, 2019). This 
is part of the redistribution/decrease of adherens junctions that allows epithelial migration 
after a wound (Suzuki et al., 2003, Tsai & Galko, 2019). There are several possible 
explanations for the increased levels of β-catenin at the wound edge.  
   One possibility is that β-catenin is being degraded at the wound edge in this 
tissue, and that we may be seeing the result of the trafficking process. Transport into the 
cytoplasm from the membrane of basal cells may be allowing more β-catenin to be 
visualized than if it were completely relegated to the membrane. Live-cell imaging of 
labelled β-catenin may be useful in the future to determine if the increase of β-catenin 
within individual cells at the wound edge is polarized. Cell migration is cyclical (Zhao et 
al., 2006), so there is also the possibility that we are sometimes seeing the formation of 
new adherens junctions, and that β-catenin is being synthesized and trafficked to the cell 
membrane. Because β-catenin is trafficked from the endoplasmic reticulum to the cell 
membrane alongside E-cadherin, colocalization of β-catenin and E-cadherin could be 
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used as an indication of the directional trafficking of β-catenin (to or from the cell 
membrane).  
Alternately, the localization of Β-catenin at the wound edge in basal regions of the 
epithelium could be related to the prior location of wound edge cells. As β-catenin is 
generally apically localized in unwounded tissue, it is possible that the apical cells are 
changing shape and moving basally over cells to lie adjacent to the wound. While there is 
evidence that there is some basally-directed movement of apical cells after an epithelial 
wound, most research suggests that there is concurrent movement of basal cells in an 
apical direction, as cells move as a sheet to close a wound (Zhao et al., 2003, among 
others). Live cell imaging could again be of use to determine the polar migration of the 
corneal epithelium, and to indicate where the wound edge cells originate.  
Our data also showed regular differences in levels of β-catenin in the wounded 
tissue of control and DB groups. In the control group, the increase of β-catenin at the 
wound edge is most pronounced 8 and 20 hours after wounding (Fig. 17, Fig. 19, Fig. 
20). Because DB mice show delayed corneal epithelium wound healing (Jiang et al., 
2019), it would seem likely that the behavior observed in control tissue would appear 
later, if at all, in DB tissue. However, the opposite was observed. In the DB tissue, the 
highest levels of β-catenin at the wound edge were present in the 2-hour wound category 
(Fig. 15, Fig. 20).  
If the increase in β-catenin fluorescence at the wound edge is indeed from 
trafficking from the cell membrane into the cytoplasm for degradation, it is possible that 
the DB mice exhibited this trafficking to a high extent initially (2 hours after wounding), 
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and then progressively less, as demonstrated by lower levels in the 8-hour wound and 
extremely low levels in the 20-hour wound (Fig. 15, Fig. 17, Fig. 19). This would hinder 
migration by preventing cells from redistributing adherens junctions (Suzuki et al., 2003). 
There is also the possibility that the control tissue did demonstrate a similarly large 
increase in β-catenin shortly after wounding, but that, by fixing the tissue at the 2-hour 
point, we missed this increase. Future research could investigate earlier time points and 
the amount of cell movement relative to levels of β-catenin. Additionally, investigation 
into the specific localization of the increase of β-catenin within cells (cytoplasmic vs 
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